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OPTICAL STALL PRECURSOR SENSOR
APPARATUS AND METHOD FOR
APPLICATION ON AXIAL FLOW

COMPRESSORS

BACKGROUND OF THE INVENTION

This 1nvention relates to axial flow compressors and,
more particularly, to a method for detecting stall onset in
axial flow compressor systems using an optical sensor, such
as a laser or light probe.

During operation of an aircraft gas turbine, there may
occur a phenomenon known as compressor stall, wherein the
pressure ratio or compressor operating limit line of the
compressor 1nitially exceeds the compressor surge pressure
rat1o, resulting 1 a subsequent reduction of compressor
pressure ratio and airflow delivered to the engine combustor.
Compressor stall may result from a variety of reasons, such
as when the engine 1s accelerated too rapidly, or when the
inlet profile of air pressure or temperature becomes unduly
distorted during normal operation of the engine, or when
over time, erosion has diminished the performance of the
compressor airfoils. Compressor damage due to the inges-
fion of foreign objects or a malfunction of a portion of the
engine control system may also result in a compressor stall.
If a compressor stall remains undetected and permitted to
continue, the combustor temperatures and the vibratory
stresses induced 1n the compressor may become sufficiently
high to cause damage to the turbine.

In land-based gas turbines used for power generation, a
compressor must be allowed to operate at a high pressure
rat1o 1n order to achieve a high machine efficiency. A
compressor stall, as identified above with respect to aircraft
turbines, may also occur 1n land-based gas turbines. Similar
to the problems faced during the operation of aircraft gas
turbines, 1 a compressor stall remains undetected and per-
mitted to continue 1n land-based gas turbines, the combustor
temperatures and vibratory stresses induced 1n the compres-
sor may become sufliciently high to cause damage to the
turbine.

Several attempts have been made 1n an effort to determine
whether a stall condition 1s 1mminent. Typically, the com-
pressor discharge pressure 1s monitored and when the pres-
sure rapidly drops this provides an indication of that a stall
has already occurred. Methods to detect the onset of a
COMPressor surge using pressure sensors have remained
clusive. Also, existing experimental techniques require com-
plex mathematical manipulation of very high response pres-
sure signals to anticipate proximity to the surge line.
Furthermore, the sensed pressure signals often fail to pro-
vide a clear indication of stall onset. These factors make the
existing techniques difficult to reliably implement in new or
fielded axial flow compression systems. Therefore, 1t would
be desirable to have a reliable stall detection method and
apparatus to detect the onset of a compressor surge prior to
the event occurrence using an optical sensor, and using the
information to initiate the desired control system corrective
action.

BRIEF SUMMARY OF THE INVENTION

Accordingly, the present 1nvention 1s directed to an 1nno-
vative system and method for detecting the onset of stalls, 1n
axial flow compressor systems, using an optical sensor, for
example, a laser or light probe. In this method, at least one
optical sensor 1s provided in the compressor to detect the
deflection of airfoil caused by a rotating stall cell. The
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optical sensor monitors the deflection and vibratory response
of a rotating airfo1l by estimating the airfo1l deflection by the
time of arrival of each airfoil, with respect to a reference in
a given compressor stage. Measured airfoil deflection values
are compared with predetermined steady baseline values 1n
a control algorithm. The electronic control initiates correc-
five actions, by means of a control algorithm 1f the measured
deflection values are greater than the predetermined values.
The predetermined value 1s estimated analytically and veri-
fied experimentally for incorporation into the engine elec-
tronic control.

The corrective actions may vary the operating line control
parameters which include adjustments to compressor vanes,
inlet air heat, compressor air bleed, combustor fuel flow, etc.
to operate the compressor at a near threshold level, the level
occurring near stall and presumably on a high operating line
where maximum efficiency occurs. Preferably, the corrective
actions are 1nitiated prior to the occurrence of a compressor
surge event and within a margin identified between an
operating limit line and the occurrence of a compressor
surge event. Corrective actions are iterated until the mea-
sured airfoil deflection values lie within acceptable param-
cters. Stall onset may also precipitate in an axial flow
compressor system operating under high aerodynamaic load-
ing or high airflow 1ncidence angle.

In one aspect, the present invention provides a method for
detecting a stall onset 1n an axial flow compressor system
comprising, (a) providing at least one optical sensor to
measure the deflection of an airfoil, the deflection caused by
a rotating stall cell; (b) comparing the deflection as mea-
sured in step (a) with a predetermined value indicative of a
stall; and (c) identifying onset of a stall if the measured
deflection 1s greater than the predetermined value. The
method further includes the steps of (d) upon identifying a
stall onset as in step (¢), feeding the measured deflection to
a control system to initiate corrective actions to prevent a
compressor surge event; and (¢) iterating step (d) until the
measured deflection 1s less than the predetermined value to
allow the compressor to operate at higher etficiency. The
deflection of the airfoil 1s measured by measuring the time
of arrival of the airfoil with respect to a reference. Further,
corrective actions are 1nitiated by varying operating line
parameters. Preferably, the operating line parameters are set

to a near threshold value.

In another aspect, a stall precursor detector system for an
axial flow compressor, comprises at least one optical sensor
to detect the deflection of a rotating airfoil of the compres-
sor; means for comparing the deflection with a predeter-
mined value , the predetermined value being indicative of
onset of a stall in the compressor; and means for identifying
onset of a stall and producing a stall onset signal 1f said
deflection 1s greater than the predetermined value. The
system further comprises a control system for initiating
corrective actions to prevent a subsequent compressor surge
if the detlection 1s greater than the predetermined value. The
optical sensor measures the time of arrival of an airfoil to
determine airfoil deflection. The system further comprises a
system selector means for applying the stall onset signal to
provide a warning of the stall onset.

In yet another aspect, a stall warning system for an axial
flow compressor, comprising at least one optical sensor to
detect and measure the deflection of an airfoil of said
compressor; means for comparing the deflection with a
predetermined value indicative of a stall onset; means for
identifying onset of a stall 1f the measured deflection 1is
oreater than the predetermined value; and a feedback control
system for initiating corrective actions to prevent a subse-
quent compressor surge upon identifying a stall onset.
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The benefits of the present invention will become appar-
ent to those skilled 1in the art from the following detailed
description, wherein only the preferred embodiment of the
invention 1s shown and described, simply by way of 1llus-
fration of the best mode contemplated of carrying out the
invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic representation of a typical ground
based power generation gas turbine or an aircraft gas turbine
engine 1f the generator 1s removed.

FIG. 2 1illustrates a schematic representation of a stall
precursor sensor 1n accordance with an exemplary embodi-
ment of the present invention as connected to a typical gas
turbine engine as shown in FIG. 1.

FIG. 3 depicts a chart showing a relationship between
deflection of airfoil with respect to time and identifying
onset of a compressor stall.

FIG. 4 1llustrates a different embodiment of the present
invention where a stall onset signal 1s selectively applied to
provide a visual indication.

FIG. 5 illustrates a flow chart for detecting onset of a

compressor stall and 1nitiating corrective actions to prevent
a compressor surge event.

FIG. 6 depicts a chart showing a relationship between
pressure ratio and airflow.

DETAILED DESCRIPTION OF THE
INVENTION

Referring now to FIG. 1, a conventional aircrait gas
turbine engine 1s shown at 10 as comprising a cylindrical
housing 12 having a compressor 14, which may be of the
axial tlow type, within the housing adjacent to 1ts forward
end. Compressor 14 receives air through an annular air inlet
16 and delivers compressed air to a combustion chamber 18.
Within the combustion chamber 18, air 1s burned with fuel
and the resulting combustion gases are directed by a nozzle
or guide vane structure 20 to the rotor blades of a turbine
rotor 24 for driving the rotor. A shait 13 drivably connects
the turbine rotor 24 with the compressor 14. From the rotor
blades, the exhaust gases discharge rearwardly through an
exhaust duct 19 into the surrounding atmosphere. This
conflguration may be similar to the ground based power
generation gas turbine engines.

Referring now to FIG. 2, there 1s shown a schematic end
view of the compressor 14, airfoils 22 22 (*22”). The stall
precursor sensor of the present mnvention includes a several
of optical probes 21,21 (hereinafter “21”) disposed about
the compressor 14. It may also be possible to locate the
optical probes adjacent to the compressor 14. The light
probes used are of the type that may be readily obtained
off-the-shelf and manufactured by Fiber Optics, Inc. or
Fiberguide, Inc. Each of the optical probes emits a beam of
light, which may be from a laser or other light source,
towards blades/airfoils 22. A stall cell 25 defined as a
volume of high pressure gas that moves past the blades at a
velocity less than the rotor speed, 1s shown 1n exemplary
FIG. 2. The stall cell induces a deflection on the airfoils 22,
and the deflection 1s detected by at least one of the optical
probes 21 by measuring the time of arrival of an airfoil. The
airfoil deflection alters the time of arrival. Thus, the deflec-
tion induced by the stall cell on an airfoil 22 1s measured and
compared against a set predetermined value of deflection
indicative of a stall onset. The onset of localized stall cells
produces a significant airfoil tip deflection which 1s detected
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4

and measured by optical probes 21. An 1dentical argument
may be made with airfoils subjected to high aerodynamic
loading or high airfoil incidence angle.

If the measured deflection of airfoil 22 1s greater than a
predetermined value, then a signal indicative of stall onset 1s
1ssued to 1nitiate remedial actions by a turbine control
system 23 to prevent a compressor surge event.

Referring now to FIG. 3 there 1s shown a chart represent-
ing deflection of one of an airfoill 22 with respect to
time—airfoil deflection charted on the Y-axis and time on
the X-axis. The deflection of airfoil detected at time T1 may
provide a signal as indicative of onset of a compressor stall.
This signal 1s used to 1nitiate necessary control system
corrective actions to prevent a compressor surge, thus allow-
ing the compressor to operate with higher efficiency than 1f
an additional margin were to be required to avoid near stall
operation. In the event of requiring manual intervention, the
signal indicative of stall onset may also be provided, as
illustrated 1n FIG. 4, to a display 45 or like means 1n order
for an operator to manually 1nitiate corrective measures to
prevent a compressor surge or near stall operation. A system
selector 44 may be used to control display 435.

Referring now to FIG. 5, there 1s shown a tlow chart for
detecting the onset of compressor stall and initiating cor-
rective actions to prevent a compressor surge event. The
control inputs at 26 provided by an operator may be used to
set operating line parameters 1indicated at 28 for the opera-
tion of axial flow compressor 14. Once the operating line
parameters are set, a laser signal 30 from one or more of the
optical probes 21 1s emitted towards airfoils 22. As discussed
above, any deflection 1n an airfoil 22 1s detected by at least
one of the optical probes, and the measured deflections are
compared with a predetermined value at 32 by a control
algorithm. Airfoil deflection chart as depicted in FIG. 3
operates under the control of algorithm identified at 32.

Upon 1dentifying a stall cell at 38, a signal to vary the
operating line parameters of compressor 14 (FIG. 1) is
1ssued at 36. Upon executing necessary corrective measures
by establishing modified operating line control parameters,
optical probes 21 are again caused to 1dentity airfoil detlec-
tions. The new measurements are compared by control
algorithm 32 against predetermined airfoil deflection values
corresponding to the modified operating control parameters
in order to determine 1f the measured airfoil detlection
values lie within the predetermined threshold. No stall cell
1s detected at 38 1f the new measurement 1s within acceptable
parameters, and thus the operating line parameters are
maintained at the modified operating parameter level at 40.

The process of varying the operating line parameters 1s
iterated until the airfoil deflection i1s within acceptable
deflection parameters, the deflection parameters being recal-
culated by the varied operating line control values 1n order
to compensate for unacceptable deflection of an airfoil. It 1s
to be understood that a particular set of acceptable airfoil
deflection parameters correlate to a particular operating line
control values. Thus, a specific airfoil deflection may be
acceptable at a particular operating line control value, but
may be unacceptable at a different operating line control
value.

Referring now to FIG. 6, a graph charting pressure ratio
on the Y-axis and airflow on the X-axis is illustrated. As
previously discussed, the acceleration of a gas turbine
engine may result in a compressor stall or surge wherein the
pressure ratio of the compressor may 1nitially exceed some
critical value, resulting 1n a subsequent drastic reduction of
compressor pressure ratio and airflow delivered to the com-




US 6,474,935 Bl

S

bustor. If such a condition 1s undetected and allowed to
continue, the combustor temperatures and vibratory stresses
induced 1n the compressor may become suificiently high to
cause damage to the gas turbine. Thus, the corrective actions
initiated 1n response to detection of an onset or precursor to
a compressor stall may prevent the problems identified

above from taking place. The OPLINE identified at 41

depicts an operating line that the compressor 14 1s operating
at. As the airflow 1s increased into the compressor 14, the
compressor may be operated at an increased pressure ratio.

The margin 43 indicates that once the gas turbine engine
10 operates at values beyond the values set by the OPLINE
as 1llustrated in the graph, a signal indicative of onset of a
compressor stall 1s 1ssued. Corrective measures by the axial
flow compressor control system, which includes turbine
control 23, may have to be 1nitiated within the margin 43 1n
order avoid a compressor surge and near stall operation of
compressor 14.

While the invention has been described 1n connection
with what 1s presently considered to be the most practical
and preferred embodiment, it 1s to be understood that the
mvention 1s not to be limited to the disclosed embodiment,
but on the conftrary, 1s intended to cover various modifica-
fions and equivalent arrangements 1mncluded within the spirit
and scope of the appended claims.

What 1s claimed 1s:
1. A method for detecting a stall onset 1n an axial flow
COmpressor system comprising,

(a) providing at least one optical sensor to measure the
deflection of an airfoil, said deflection caused by a
rotating stall cell;

(b) comparing the deflection as measured in step (a) with
a predetermined value indicative of a stall;

(¢) identifying onset of a stall if said measured deflection
1s greater than said predetermined value;

(d) upon identifying a stall onset as in step (c), feeding the
measured deflection to a control system to initiate
corrective actions to prevent a compressor surge event,
and

(e) iterating step (d) until said measured deflection is less
than said predetermined value to allow the compressor
to operate at higher efficiency.

2. The method of claim 1, wherein said corrective actions

are 1nitiated by varying operating line parameters.

3. The method of claim 2, wherein said operating line

parameters are set to a near threshold value.

4. A stall precursor detector system for an axial flow

COMPressor, Comprising:

at least one optical sensor to detect the deflection of an

individual rotating airfoil of said compressor;

means for comparing the deflection of the individual
airfo1l with a predetermined value, said predetermined
value bemng indicative of onset of a stall in said com-
pressor; and

means for 1dentifying onset of a stall and producing a stall
onset signal 1f said deflection 1s greater than said
predetermined value.
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5. The system of claam 4, further comprises:

a control system for initiating corrective actions to pre-
vent a subsequent compressor surge if said deflection 1s
oreater than said predetermined value.

6. The system of claim 4, wheremn said optical sensor
measures the time of arrival of the individual airfoil to
determine airfoil detlection.

7. A stall warning system for an axial flow compressor,
comprising:

at least one optical sensor to detect and measure the
deflection of an individual airfoil of said compressor;

means for comparing said deflection of the individual
airfoil with a predetermined value indicative of a stall
onsct,

means for identifying onset of a stall if said measured
deflection 1s greater than said predetermined value; and

a feedback control system for 1nitiating corrective actions
to prevent a subsequent compressor surge upon iden-
tifying a stall onset.

8. The system of claim 7, wherein said optical sensor 1s a

laser based system.

9. A method for detecting a stall onset 1n an axial flow

COMPressor system comprising,

(a) providing at least one optical sensor to measure the
deflection of an airfoil, said deflection caused by a
rotating stall cell;

(b) comparing the deflection as measured in step (a) with
a predetermined value indicative of a stall;

(c¢) 1dentifying onset of a stall if said measured deflection
1s greater than said predetermined value;
said deflection of the airfoil being measured by measuring
the time of arrival of the airfoil with respect to a reference.
10. A stall precursor detector system for an axial flow
COMPressor, cComprising:
at least one optical sensor to detect the deflection of a
rotating airfo1l of said compressor;

means for comparing the deflection with a predetermined
value, said predetermined value being indicative of
onset of a stall 1n said compressor;

means for identifying onset of a stall and producing a stall
onset signal 1f said deflection 1s greater than said
predetermined value;

a control system for initiating corrective actions to pre-
vent a subsequent compressor surge 1f said deflection 1s
oreater than said predetermined value; and

a system selector means for applying the stall onset signal
to provide a warning of said stall onset.
11. A method for detecting a stall onset 1n an axial flow
COmpressor system comprising,

(a) providing at least one optical sensor to measure the
deflection of a discrete airfoil, said deflection caused by
a rotating stall cell;

(b) comparing the deflection as measured in step (a) with
a predetermined value indicative of a stall; and

(c) 1dentifying onset of a stall if said measured deflection
of the discrete airfoil 1s greater than said predetermined
value.
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